RfaH is a transcriptional antiterminator that reduces the polarity of long operons encoding secreted and surface-associated cell components of Salmonella enterica serovar Typhimurium, including O antigen and lipopolysaccharide core sugars. A ⌬rfaH mutant strain is attenuated in mice (50% lethal dose [LD 50 ], >10 8 CFU). To examine the potential for using rfaH in conjunction with other attenuating mutations, we designed a series of strains in which we replaced the native rfaH promoter with the tightly regulated arabinosedependent araC P BAD promoter so that rfaH expression was dependent on exogenously supplied arabinose provided during in vitro growth. Following colonization of host lymphoid tissues, where arabinose was not available, the P BAD promoter was no longer active and rfaH was not expressed. In the absence of RfaH, O antigen and core sugars were not synthesized. We constructed three mutant strains that expressed different levels of RfaH by altering the ribosome-binding sequence and start codon. One mutation, ⌬P rfaH178 , was introduced into the attenuated vaccine strain 9241 (⌬pabA ⌬pabB ⌬asdA) expressing the pneumococcal surface protein PspA from an Asd ؉ balanced-lethal plasmid. Mice immunized with this strain and boosted 4 weeks later induced higher levels of serum immunoglobulin G specific for PspA and for outer membrane proteins from other enteric bacteria than either an isogenic ⌬rfaH derivative or the isogenic RfaH ؉ parent. Eight weeks after primary oral immunization, mice were challenged with 200 LD 50 of virulent Streptococcus pneumoniae WU2. Immunization with ⌬P rfaH178 mutant strains led to increased levels of protection compared to that of the parent 9241 and of a ⌬rfaH derivative of 9241.
When recombinant attenuated Salmonella enterica serovar Typhimurium vaccines (RASV) are used to deliver heterologous antigens, it may be advantageous to reduce the host immune response against the RASV carrier, thereby enhancing the immune response against the heterologous antigen. The dominant immunogen on the Salmonella cell surface is lipopolysaccharide (LPS) O antigen (41) . However, strains with mutations that eliminate LPS O antigen may be less immunogenic due to their failure to colonize the intestinal tract and to invade intestinal mucosal cells (43, 44) . We hypothesized that in vivo-programmed downregulation of O-antigen expression, occurring after colonization of host lymphoid tissues, would serve to reduce the immune response against the RASV carrier while triggering a strong immune response against heterologous antigens (10) and outer membrane proteins cross-reactive with other enteric bacteria (28) .
The genes for LPS core and O-antigen biosynthesis are clustered into long operons (37, 49) that cannot be fully transcribed if the native promoter is replaced by a heterologous promoter. RfaH, a transcriptional antiterminator, reduces the polarity of long operons by binding to the ops sequence, located in an untranslated 5Ј region of the transcript, and interacting with the transcription complex (1) . RfaH is required for the expression of secreted and surface-associated cell components of S. enterica serovar Typhimurium, including O antigen and core sugar components of LPS (3, 39) . rfaH mutant strains produce truncated LPS and reduced amounts of O antigen and core (24) , rendering them sensitive to human serum (27) , hypersensitive to bile, and attenuated in mice (26, 45) . ⌬rfaH mutants are immunogenic in mice, inducing a protective immune response against Salmonella challenge (27) .
The major immunogenic surface molecules of S. enterica are the O antigen and flagella. Complete LPS is of considerable importance, as rough mutants of Salmonella lacking LPS Oantigen side chains or portions of the core are avirulent, fail to colonize the intestinal tract, and are deficient in invading cells of the intestinal mucosa (43) . To circumvent this problem, we and others have explored different ways to achieve regulated O-antigen synthesis so that O antigen is synthesized in vitro but not in vivo, creating vaccine strains that are phenotypically wild type at the time of immunization and become attenuated after colonization of host tissues. We have termed this strategy regulated delayed attenuation (11, 12, 22) . One means to achieve regulated delayed attenuation is the deletion of certain genes essential for O-antigen synthesis, such as pmi (manA) (9, 12, 22) or galE (15, 19, 42) . Strains with pmi or galE deletions have a reversibly rough phenotype because they are able to synthesize complete O antigen or O antigen and entire core only when grown in the presence of mannose or galactose, respectively. When grown in the presence of their respective sugars, these mutants are fully fit to carry out host colonization and invasion of host tissues during the early stages of infection (12, 18) . Upon reaching deeper tissues where free mannose and galactose are not available, O antigen is no longer synthesized and the strains become phenotypically rough.
Another strategy for achieving regulated delayed attenuation relies on replacement of the promoter of a gene of interest with the arabinose-regulated araC P BAD promoter (11, 12) . The araC P BAD promoter has been used to develop regulated delayed attenuation strains in which the expression of a number of Salmonella virulence genes, such as fur, crp, and rpoS, is dependent upon arabinose availability (11) . In this work, the rfaH promoter, including sequences for activator or repressor protein binding, was deleted and replaced with an araC P BAD cassette to yield Salmonella strains in which rfaH transcription was arabinose dependent. By manipulation of translation signals, we constructed a series of strains, each synthesizing different amounts of RfaH. Growth of these strains in the presence of arabinose permitted transcription of rfaH and synthesis of full-length O antigen. We evaluated these strains for virulence, immunogenicity, and the ability to deliver a test antigen, the pneumococcal protein PspA. Immunized mice were challenged with virulent Streptococcus pneumoniae to determine protective efficacy.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . S. Typhimurium cultures were grown at 37°C in LB broth (4) or nutrient broth (Difco) or on LB agar with or without 0.1% arabinose. Selenite broth, with or without supplements, was used for enrichment of Salmonella from mouse tissues. Diaminopimelic acid was added (50 g/ml) for the growth of ⌬asd strains (30) . LB agar containing 5% sucrose was used for sacB gene-based counterselection in allelicexchange experiments. S. pneumoniae WU2 was cultured on brain heart infusion agar containing 5% sheep blood or in Todd-Hewitt broth plus 0.5% yeast extract. MOPS (morpholinepropanesulfonic acid) minimal medium (32) with or without 10 g/ml p-aminobenzoic acid was used to confirm the phenotype of ⌬pabA ⌬pabB mutants.
Plasmids and mutant strain construction. DNA manipulations were carried out as described previously (36) . Transformation of Escherichia coli and S. enterica was done by electroporation. Transformants were selected on LB agar plates containing appropriate antibiotics. Selection for Asd ϩ plasmids was done on LB agar plates. The primers used in this work are listed in Table 2 . A 500-bp DNA fragment containing the region upstream of the rfaH promoter was PCR amplified using the S. Typhimurium 3761 genome as a template with primers RfaH1-FXmaI-pstI and RfaH1-RPstI ( Table 2 ). The PCR-amplified fragment was digested with PstI and cloned into the PstI site of vector pYA3700 (Table 1) , which lies just upstream of araC. Primer T4TT-R, which binds to the T4 transcriptional terminator antisense sequence present downstream of the PstI site in pYA3700, and primer RfaH1-RPstI were used to screen plasmid isolates for inserts in the correct orientation. This intermediate plasmid was digested with XhoI and KpnI, restriction sites that lie downstream of the araC P BAD cassette. Three different 0.5-kb PCR fragments, including the entire 489-bp rfaH gene and an additional 21 bp downstream, were amplified from the S. Typhimurium 3761 genome, using three different upstream primers, RfaH2-FXhoI, RfaH2-1, and RfaH2-2, and the same downstream primer, RfaH2-RkpnI. Each PCR fragment was engineered to encode a different Shine-Dalgarno (SD) sequence and/or start codon (Table 1 ) due to differences in the upstream primers. The PCR fragments were digested with XhoI and KpnI and inserted into the intermediate plasmid described above. The three resulting constructs were confirmed by DNA sequence analysis. Then, 2.5-kb DNA fragments including araC P BAD , rfaH, and rfaH 5Ј and 3Ј flanking regions were excised from each of the plasmids by digestion with KpnI and XmaI and inserted into pRE112, resulting in plasmids pYA4721, pYA4301, and pYA4304. To construct the ⌬rfaH49 deletion, two pairs of primers, RfaH-1F/RfaH-1R and RfaH-2F/RfaH-2R, were used to amplify approximately 300-bp fragments upstream and downstream of rfaH, respectively, from the 3761 genome. The two PCR fragments were purified in agarose gels and used as templates at a 1:1 molar ratio for joining by PCR using primers RfaH-1F and RfaH-2R. The resulting PCR product was digested with KpnI and XmaI and ligated with plasmid pRE112, digested with the same two enzymes, resulting in plasmid pYA4718, which carried a deletion of the entire rfaH gene from ATG to TAA. The mutations were introduced into S. Typhimurium 3761 by allelic exchange using the four suicide vectors pYA4718, pYA4721, pYA4301, and pYA4304 to generate 9945, 9660, 9734, and 9735, respectively. The ⌬rfaH49 and P rfaH178 mutations were also introduced into S. Typhimurium strain 9241 to yield strains 9884 and 9852, respectively. The presence of both pabA1516 and pabB232 mutations in Salmonella strains 9241, 9884, and 9852 was verified by the inability of the strains to grow in MOPS minimal medium without p-aminobenzoate. The presence of the ⌬asdA16 mutation was confirmed by inability to grow in media without diaminopimelic acid and by PCR. The ⌬araBAD23 mutation was verified by PCR and by its white colony phenotype on MacConkey agar supplemented with 1% arabinose. LPS profiles of Salmonella strains were examined by the methods of Hitchcock and Brown (17) using cultures standardized based on the optical density at 600 nm (OD 600 ). P22 transduction studies. P22HT int (40) was propagated on S. Typhimurium strain 9430 carrying the integrated suicide plasmid pYA4284, which confers chloramphenicol resistance. The strains to be tested were grown overnight in nutrient broth at 37°C. The cultures were diluted 1:100 in fresh, prewarmed nutrient broth with or without 0.1% arabinose and grown at 37°C to an OD 600 of 0.9. Then, 10 l of phage (1 ϫ 10 8 PFU) was added to 1 ml of cells (5 ϫ 10 8 CFU), and the mixture was incubated at room temperature for 30 min, centrifuged, and resuspended in 200 l of buffered saline with gelatin (BSG). A 100-l aliquot was spread onto LB agar plates containing 15 g/ml chloramphenicol and incubated overnight at 37°C. The colonies were counted the following day. This experiment was performed twice. MIC test. The MICs of different antimicrobial substances were determined by using 96-well tissue culture plates (50) . Twofold serial dilutions of the bile salt, deoxycholate (0.1 to 50 mg/ml), and polymyxin B (0.1 to 10 g/ml) were made across the plates. Bacteria were grown at an OD 600 of 0.8 to 0.9 in nutrient broth with or without 0.1% arabinose and washed in phosphate-buffered saline (PBS). The cells were diluted to 1 ϫ 10 5 to 1 ϫ 10 6 CFU in nutrient broth with or without arabinose, and 0.1 ml of the diluted cell suspension was added to each well. The microtiter plates were incubated overnight at 37°C. The OD of each culture was determined using a SpectraMax M2e (Molecular Devices, CA) plate reader. The threshold of inhibition was 0.1 at OD 600 . The actual titers were determined by spreading culture dilutions onto LB plates, followed by overnight incubation at 37°C. Assays were repeated at least three times.
Swarming. Swarming motility was assessed on LB plates solidified with 0.3% agar and supplemented with 0.5% glucose with or without 0.1% arabinose. The plates were allowed to dry at room temperature for 2 h. Freshly grown bacteria were collected from LB agar plates without arabinose, washed, and diluted in saline. Six microliters of bacterial suspension (approximately 1 ϫ 10 6 CFU) was spotted onto the middle of the plates, which were subsequently incubated at 37°C for 6 h. The diameters of the swarming colonies were measured. The experiments were repeated three times.
Determination of virulence in mice. Seven-week-old female BALB/c mice were obtained from the Charles River Laboratories (Wilmington, MA). All animal procedures were approved by the Arizona State University Animal Care and Use Committees. The mice were acclimated for 7 days after arrival before the experiments were started.
For determination of the 50% lethal dose (LD 50 ), bacteria were grown statically overnight at 37°C in LB broth, diluted 1:50 in fresh medium containing 0.1% arabinose, and grown with aeration (180 rpm) at 37°C. When the cultures reached an OD 600 of 0.8 to 0.9, they were harvested by room temperature centrifugation at 4,000 rpm, washed once, and normalized to the required inoculum density in BSG by adjusting the suspension to the appropriate OD 600 value. Groups of five mice each were infected orally with 20 l containing various doses of S. Typhimurium 3761 or its derivatives, ranging from 1 ϫ 10 3 CFU to 1 ϫ 10 8 CFU. The animals were observed for 4 weeks postinfection, and deaths were recorded daily.
To evaluate colonization, mice were orally inoculated with 20 l of BSG containing 1 ϫ 10 9 CFU of each strain. At days 4 and 8 after inoculation, three animals per group were euthanized and spleen and liver samples were collected. Each sample was homogenized in a total volume of 1 ml BSG, and dilutions of 10 Ϫ1 to 10 Ϫ6 (depending on the tissue) were plated onto MacConkey agar and LB agar, each containing 0.1% arabinose, to determine the number of viable bacteria. A 0.1-ml aliquot of each tissue sample was enriched for Salmonella by introduction into selenite cysteine broth and incubated for 14 h at 37°C. Samples that were negative by direct plating and positive by enrichment in selenite cysteine broth were recorded as Ͻ10 CFU/g.
Immunogenicity of vaccine strains in mice. RASV strains were grown statically overnight in LB broth with 0.1% arabinose at 37°C. The following day, 2 ml of the overnight culture was inoculated into 100 ml of LB broth with 0.1% arabinose and grown with aeration at 37°C to an OD 600 of 0.8 to 0.9. The cells were harvested by room temperature centrifugation at 4,000 rpm for 15 min, and the pellet was resuspended in 1 ml of BSG. Mice were orally inoculated with 20 l of BSG containing 1 ϫ 10 9 CFU of each strain on day 0 and boosted on day 28 with the same dose of the same strain. Blood was obtained by mandibular vein puncture at biweekly intervals. The blood was allowed to coagulate at 37°C for 2 hours. Following centrifugation, the serum was removed from the whole blood and stored at Ϫ20°C.
Antigen preparation. Recombinant PspA (rPspA) protein was purified as described previously (20) . The rPspA clone that encodes the ␣-helical region of PspA (amino acids 1 to 302) in pET20b was a kind gift from Susan Hollingshead at the University of Alabama at Birmingham. S. Typhimurium LPS was purchased from Sigma. Outer membrane proteins were prepared as described previously (20) . To prepare whole-cell antigens, various enteric bacteria were grown statically overnight at 37°C in LB broth, diluted 1:50 in fresh medium, and grown with aeration (180 rpm) at 37°C to an OD 600 of 0.8 to 0.9. The cells were harvested by centrifugation at 4,000 rpm, washed once in PBS, and suspended in coating buffer (50 mM Na 2 CO 3 , 50 mM NaHCO 3 , 0.1% sodium azide, pH 9.6) to an OD 600 of 0.8. Then, 100 l/well of the resulting cell suspension was used to coat the enzyme-linked immunosorbent assay (ELISA) plate overnight at 4°C.
SDS-PAGE and Western blot analyses. Protein samples were boiled for 5 min and then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For Western blotting, proteins separated by SDS-PAGE were transferred electrophoretically to nitrocellulose membranes. The membranes were blocked with 3% skim milk in 10 mM Tris-0.9% NaCl (pH 7.4) and incubated with rabbit polyclonal antibodies specific for PspA (51), LacI, or GroEL (Sigma, St. Louis, MO). Rabbits were immunized with purified Histagged LacI protein to obtain the anti-LacI antibodies. The secondary antibody was an alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (IgG) (Sigma). Immunoreactive bands were detected by the addition of BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium solution (Sigma). The reaction was stopped after 2 min by washing the blots with large volumes of deionized water.
ELISA. ELISA was used to assay serum antibodies against S. Typhimurium LPS; rPspA; bacterial outer membrane proteins, including those from Salmonella (SOMPs); and whole-cell bacterial suspensions (1 ϫ 10 9 CFU/ml), as previously described (23) . Color development (absorbance) was recorded at 405 nm using a SpectraMax M2e automated ELISA plate reader (Molecular Devices, Menlo Park, CA). Absorbance readings 0.1 higher than PBS control values were considered positive. Statistical analysis. Antibody titer data were expressed as geometric means, and the relative immunoreactivity was expressed as an arithmetic mean. The means were evaluated by two-way analysis of variance and a chi-square test for multiple comparisons among groups. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Mutant construction and LPS phenotypes. We constructed S. Typhimurium 3761 derivatives, each designed to synthesize different amounts of RfaH, with rfaH transcribed from the arabinose-regulated araC P BAD promoter. Figure 1A illustrates the chromosomal structures of the araC P BAD rfaH mutant strains. Ninety-eight base pairs upstream of the start codon were replaced with araC P BAD to create the ⌬P rfaH177 mutation. A different SD sequence or a GTG start codon was introduced to create ⌬P rfaH176 and ⌬P rfaH178 , respectively. The SD and start codon sequences for each mutant strain are given in Table 1 .
The levels of O-antigen synthesis in the mutants were determined by silver staining (Fig. 1B) and by Western blotting using anti-Salmonella group B O-antigen serum (Fig. 1C) .
Lack of rfaH expression, because of either deletion (⌬rfaH49) or growth of P BAD rfaH strains in the absence of arabinose, resulted in reduced O-antigen synthesis in all four mutant strains. In the three araC P BAD rfaH mutants, nearly wild-type O-antigen levels were restored by the addition of arabinose to the growth medium. None of the three arabinose-regulated rfaH mutants were completely rough when grown in the absence of arabinose, although the ⌬P rfaH178 strain produced the smallest amount of high-molecular-weight O antigen (Fig. 1B  and C) . The ⌬P rfaH176 mutant, with a canonical SD sequence and an ATG start codon, would be expected to synthesize the most RfaH, and the ⌬P rfaH178 mutant, with a nonideal SD sequence and a GTG start codon, would be expected to synthesize the least RfaH among the three strains. Although we did not directly measure the amount of RfaH synthesized by each strain, the differing amounts of O antigen produced were consistent with our expectations, with the P rfaH176 mutant producing the most O antigen and the P rfaH178 mutant producing the least in the absence of arabinose. The ⌬rfaH49 mutant did not produce any detectable high-molecular-weight O antigen with or without arabinose (Fig. 1B and C) .
To further evaluate arabinose-regulated O-antigen synthesis, we performed infection studies with the O-antigen-specific phage P22. The strains were grown in nutrient broth with or without arabinose and used as recipients for transduction assays. When strains 9660 (⌬P rfaH176 ), 9734 (⌬P rfaH177 ), and 9735 (⌬P rfaH178 ) were grown with arabinose, the number of transductants obtained was similar to that obtained with the wild-type parent strain, 3761 (Table 3 ). In the absence of arabinose, the number of transductants was reduced about 10-fold, which was still about 3-to 4-fold more than that obtained with the ⌬rfaH49 strain, 9445. These results are consistent with our observations that in the absence of arabinose, the strains with arabinose-regulated rfaH make less fulllength O antigen than 3761 and more than 9445 (Fig. 1) . Phenotypic evaluation of rfaH mutant strains. A previous report indicated that an rfaH deletion resulted in increased sensitivity to antimicrobial peptides (26) . Therefore, we evaluated our mutant strains for sensitivity to the bile salt deoxycholate and to the antimicrobial peptide polymyxin B. The deoxycholate and polymyxin B MICs for the wild-type strain, 3761, were Ͼ5-fold higher than for the ⌬rfaH49 mutant, 9945 (Table 3) . These results are in agreement with previous reports that a Salmonella sp. strain SL1344 ⌬rfaH mutant strain was more sensitive to polymyxin B than the wild type (26) . Strain 9660, the arabinose-regulated P rfaH176 mutant, had MICs for both test substances similar to those of the wild type, exhibiting only a twofold reduction in the MIC in the absence of arabinose, consistent with the leaky phenotype observed for O-antigen synthesis (Fig. 1) . The other two arabinose-regulated rfaH strains, 9734 and 9735, had nearly wildtype MICs for deoxycholate and polymyxin B in the presence of arabinose. The MICs in the absence of arabinose were identical to those of the ⌬rfaH49 strain, 9945.
Rough mutants are unable to swarm because of insufficient surface wetness (47) . Therefore, we evaluated the capacities of our mutant strains to exhibit swarming motility on soft agar (Table 3) . Strain 9945 (⌬rfaH49) did not swarm, as expected. Swarming was dramatically reduced (Ͼ2-fold reduction in diameter) in the absence of arabinose for the arabinose-regulated rfaH strain 9735 (⌬P rfaH178 ). The remaining two strains, 9660 (⌬P rfaH176 ) and 9734 (⌬P rfaH177 ), showed slight reductions in swarming (Ͻ2-fold reduction in diameter) in the absence of arabinose. Swarming was restored to wild-type levels in the presence of arabinose in all three arabinose-regulated rfaH strains.
Virulence of ⌬P rfaH and ⌬rfaH49 mutant strains in mice. To assess the virulence of the rfaH mutants, we determined their LD 50 s in BALB/c mice ( Table 3 ). The ⌬rfaH49 mutant was highly attenuated, with no death occurring at the maximum dose tested, 1 ϫ 10 8 CFU, in agreement with previous results (27) . The parent strain, 3761, was highly virulent, with an LD 50 of 1 ϫ 10 4 CFU. The arabinose-regulated mutant strains 9734 and 9735 were both attenuated, with LD 50 s of 1 ϫ 10 6 CFU, despite the fact that they were grown in the presence of arabinose prior to inoculation. Strain 9660, the ⌬P rfaH176 mutant, was not tested, since our earlier phenotypic analyses indicated that rfaH expression was not tightly regulated ( Fig. 1 and Table 3) .
Expression of the pneumococcal gene pspA in RASV strain 9241 derivatives carrying different rfaH mutations. S. Typhimurium strain 9241 is an attenuated vaccine strain that has been successfully used to deliver the pneumococcal surface protein PspA and to induce protective immunity against S. pneumoniae challenge (23, 51) . To evaluate the effects of rfaH mutations on the efficacy of this vaccine strain, the ⌬rfaH49 and ⌬P rfaH178 mutations were introduced into 9241 to yield strains 9884 and 9852, respectively. Subsequently, the Asd ϩ recombinant plasmid pYA4088, which carries a recombinant pspA gene fused to DNA encoding the ␤-lactamase signal sequence (51), was introduced into the new strains. Expression of pspA is driven by the P trc promoter, and the bla signal sequence directs periplasmic secretion of PspA. Note that strain 9241 carries the ⌬relA198::araC P BAD lacI TT deletion/ insertion (TT stands for transcriptional terminator). When this strain is grown in the presence of arabinose, lacI is expressed. The LacI protein binds to the P trc promoter on pYA4088, preventing pspA expression. Once the strain invades and colonizes host tissues, where arabinose is not available, LacI is no longer synthesized and pspA is expressed. This feature has been termed regulated delayed antigen synthesis (51) .
To evaluate PspA synthesis, whole-cell lysates from strain 9241(pYA4088) and the rfaH mutant strains 9884(pYA4088) and 9852(pYA4088) grown in LB broth with or without 0.1% arabinose were prepared and examined by Western blot analysis (Fig. 2) . All of the strains expressed a protein with an approximate molecular mass of 38.5 kDa, the expected size of the LacI protein, that reacted specifically with an anti-LacI polyclonal antibody. No LacI was detected when the strains were grown in LB medium without 0.1% arabinose. Conversely, in LB medium with 0.1% arabinose, where all strains expressed LacI, no PspA protein was detected. Strains carrying pYA4088 grown in the absence of arabinose produced PspA, but not LacI. There was no obvious difference in the amounts of PspA synthesized by any of the strains carrying pYA4088. Colonization of mouse tissues and immune responses in mice after oral immunization with RASV expressing PspA. To evaluate the effect of arabinose-regulated rfaH expression on colonization of mouse tissues, strains 9241(pYA4088), 9884 (pYA4088), and 9852(pYA4088) were grown in the presence of arabinose and used to inoculate groups of BALB/c mice. On days 4 and 8, three mice from each group were euthanized, and spleen and liver samples were harvested, homogenized, and plated on MacConkey and LB plates, each containing 0.1% arabinose. We found significant differences between the strains in their abilities to colonize the liver and spleen (Fig. 3) . Strain 9852(pYA4088) (⌬P rfaH178 ) and its parent strain, 9241 (pYA4088), colonized the spleen and liver in significantly higher numbers than 9884(pYA4088) (⌬rfaH49) (P Ͻ 0.0001). There was a slight reduction in tissue colonization by 9852 (pYA4088) compared to its parent strain, 9241(pYA4088), but the difference was not statistically significant (P Ͼ 0.05).
In a separate experiment, we evaluated the in vivo stability of the ⌬P rfaH178 mutation in 9852(pYA4088). A group of three mice were inoculated with 1 ϫ 10 9 CFU of 9852(pYA4088). Five days later, the mice were euthanized, and vaccine was recovered from the spleens and livers. Seven colonies were chosen at random and evaluated for arabinose-regulated LPS synthesis by growing each isolate in LB with or without arabinose. Each culture was analyzed on LPS gels. All seven isolates exhibited the same arabinose-regulated LPS phenotype as the parent strain (data not shown).
Effects of rfaH mutations on the immunogenicity and protective efficacy of RASV strains. We orally inoculated groups of mice with 1 ϫ 10 9 to 2 ϫ 10 9 CFU of either 9241(pYA4088), 9884(pYA4088) (⌬rfaH49), 9852(pYA4088) (⌬P rfaH178 ), or the control strain, 9241(pYA3493), which does not express pspA. The mice were boosted with a similar dose of the same strain 4 weeks later. The antibody responses to rPspA and Salmonella LPS in the sera of immunized mice were measured (Fig. 4) . This experiment was performed twice; 5 mice per group were used in the first experiment, and 8 to 11 mice per group were used in the second experiment. The results from the two experiments were similar and were pooled for analysis. High serum IgG titers against PspA were observed by 2 weeks after the primary immunization in mice inoculated with 9241(pYA4088) and 9852(pYA4088) (Fig. 4A) . AntiPspA titers in mice immunized with 9884(pYA4088) (⌬rfaH) were slower to develop and by 6 weeks had reached high titers, although they never achieved titers comparable to those in mice immunized with 9241(pYA4088). However, mice immunized with 9852(pYA4088) (⌬P rfaH178 ) achieved significantly higher titers than the other two groups. No anti-PspA IgG was detected in sera from mice inoculated with the control strain, 9241(pYA3493). Anti-LPS titers were low but detectable at 2 weeks (Fig. 4B) . The titers remained low in mice immunized with the ⌬rfaH strain, 9884(pYA4088), throughout the course of the experiment, while anti-LPS serum titers increased in mice immunized with the other strains. Before week 8, the anti-LPS titers were significantly lower in mice immunized with the ⌬P rfaH178 strain, 9852(pYA4088), than in either group immunized with a 9241 derivative (P Ͻ 0.001), and they were significantly higher than those of mice immunized with the ⌬rfaH strain (P Ͻ 0.001). By week 8, mice immunized with either of the 9241 derivatives or with 9852(pYA4088) had similar anti-LPS IgG titers. Anti-SOMP titers were similar for all strains except 9884(pYA4088), which was statistically different (P Ͻ 0.001) (Fig. 4C) .
IgG isotype analyses. We evaluated the responses of the IgG isotype subclasses IgG1 and IgG2a (Fig. 5) to rPspA. Th1 helper cells direct cell-mediated immunity and promote class switching to IgG2a, and Th2 cells provide potent help for B-cell antibody production and promote class switching to IgG1. Immunization with strain 9884(pYA4088) induced a strong Th2 response, since the levels of anti-PspA IgG1 were higher than those of IgG2a. Conversely, immunization with strains 9852(pYA4088) (⌬P rfaH178 ) and 9241(pYA4088) (RfaH ϩ ) induced primarily a Th1-type response against PspA. Evaluation of protective immunity. To evaluate the effects of the ⌬rfaH49 and ⌬P rfaH178 mutations on the ability of the RASV expressing PspA to induce protective immunity, mice were challenged by the i.p. route with 4 ϫ 10 4 CFU (200 LD 50 ) of S. pneumoniae WU2 4 weeks after the boost. Immunization with any of the pspA-expressing strains provided significant protection against challenge compared to immunization with the control strain, 9241(pYA3493) ( Fig. 6 ; P Ͻ 0.001). Immunization with 9852(pYA4088) (⌬P rfaH178 ) induced significantly greater protection than did immunization with 9884 (pYA4088) (⌬rfaH49) (P Ͻ 0.05). There was no significant difference between the protective efficacy of 9241(pYA4088) and that of the other strains expressing pspA (P Ͼ 0.05). All of the mice that died in these experiments succumbed within 4 days after challenge.
Increased immunogenicity of conserved antigens against different enteric bacteria. Previous work had shown that a ⌬rfaH mutation increased the immunogenic reactivities of conserved minor epitopes from other enteric bacteria (29) . Therefore, we examined the cross-reactive antibodies elicited by the ⌬rfaH49 vaccine strain, 9884(pYA4088), with those elicited by the arabinose-regulated ⌬P rfaH178 strain, 9852(pYA4088), versus 9241(pYA4088), P Ͻ 0.01; #, 9884(pYA4088) versus 9852(pYA4088), P Ͻ 0.001; † †, 9852(pYA4088) versus 9241(pYA4088), P Ͻ 0.001; †, 9852(pYA4088) versus 9241(pYA4088), P Ͻ 0.01. For panel C, 9884(pYA4088) was different from all other groups (P Ͻ 0.001). There was no statistical difference between the other strains shown in panel C. and the RfaH ϩ strain, 9241(pYA4088). The reactivities of pooled immune sera (11 to 16 mice per group) from groups of mice inoculated in the previous experiment taken 2 weeks after boosting was evaluated by ELISA against a panel of homologous and heterologous wild-type strains, as well as their outer membrane proteins (Fig. 7) . In each case, immunization with the arabinose-regulated rfaH strain, 9852(pYA4088), generated higher titers against both whole cells and OMPs isolated from a diverse group of gram-negative organisms, including S. Typhimurium, S. enterica serovars Typhi and Enteritidis, Shigella flexneri, E. coli, and Yersinia pestis, than the ⌬rfaH49 strain, 9884(pYA4088).
DISCUSSION
Recombinant attenuated S. Typhimurium strains have been used extensively as multivalent vectors expressing heterologous antigens. An ideal RASV should be able to invade and transiently persist in lymphoid tissues (Peyer's patch, spleen, and liver) to stimulate both strong primary and lasting memory immune responses, cause no disease symptoms, and be susceptible to all clinically useful antibiotics (2, 7, 8) . Achieving this balance between adequate attenuation/safety and ability to elicit long-lasting protective immunity is not always easy or straightforward. We have developed several strategies to address this issue, including regulated delayed attenuation (11, 12, 22) , whereby the live-vaccine strain displays abilities similar to those of a wild-type virulent parental pathogen to successfully colonize effector lymphoid tissues before display and imposition of the fully attenuated phenotype, and regulated delayed antigen synthesis, in which the expression of a heterologous antigen gene is delayed until the vaccine strain has colonized host tissues (51) .
In this work, we applied the regulated delayed attenuation approach to produce strains with arabinose-regulated synthesis of RfaH, a transcriptional antiterminator required for the production of complete LPS (26, 38) and for transcription of other virulence-associated genes, including the sii operon, which contributes to the intestinal phase of infection (26) . We compared arabinose-regulated rfaH expression strains to a ⌬rfaH strain. Based on P22 transduction assays, the ⌬rfaH mutant produced some full-length O antigen (Table 3 ) undetectable on silverstained gels (Fig. 1) , consistent with a previous report (29) . When grown without arabinose, the regulated delayed rfaH strains produced O antigen detectable by silver staining, although the amount was reduced compared to that produced by the same strains grown with arabinose or by strains expressing wild-type rfaH ( Fig. 1 and Table 3) . A ⌬rfaH mutant of S. Typhimurium has been shown to induce protection against challenge with wild-type S. Typhimurium (27) . However, a potential drawback of this strain is its innate sensitivity to host antimicrobial agents, such as bile and antimicrobial peptides (26) (Table 3 ). This, in addition to the lack of complete O antigen, could lead to reduced colonization of lymphoid tissues (Fig. 3) , an important criterion for stimulation of a strong, lasting immune response. When the ⌬P rfaH178 mutant was grown in the presence of arabinose, its phenotype was similar to that of its wild-type parent, 3761 ( Fig. 1 and 3 and Table 3 ). In the absence of arabinose, this mutant was nearly as susceptible as the ⌬rfaH mutant to deoxycholate and polymyxin B. In addition, even when grown in the presence of arabinose, the ⌬P rfaH178 mutant was attenuated, with an LD 50 100 times greater than that of 3761, although not as attenuated as the ⌬rfaH mutant (Table 3) .
To ensure the safety of live Salmonella vaccines, it is critical that the strain carry at least two genetically unlinked attenuating mutations (13, 35, 48) . Therefore, we evaluated the ⌬rfaH mutation and the arabinose-regulated rfaH mutation ⌬P rfaH178 in combination with the ⌬pabA ⌬pabB mutations in strain 9241 and introduced plasmid pYA4088, which directs the synthesis of a heterologous antigen, the pneumococcal protective antigen PspA (5, 25) . The ⌬rfaH derivative 9884(pYA4088) colonized mouse tissues poorly compared to its parent, 9241(pYA4088), typical of strains lacking full-length O antigen (33, 38) . However, the strain with the ⌬P rfaH178 mutation, 9852(pYA4088), colonized the host spleen and liver nearly as well as 9241(pYA4088). Further, mice immunized with two doses of 9852(pYA4088) elicited an anti-PspA IgG response equal to or greater than that induced by 9241(pYA4088) (Fig. 4) . Mice immunized with the ⌬rfaH mutant, 9884(pYA4088), also developed anti-PspA serum IgG antibodies, although the titers were significantly lower than those in mice immunized with 9241(pYA4088) or 9852(pYA4088). In addition, mice immunized with either 9241(pYA4088) or 9852(pYA4088) developed much higher titers of IgG2a than those immunized with the ⌬rfaH strain, 9884(pYA4088) (Fig. 5) . IgG2a antibody is the most potent isoform for directing complement deposition, an important host mechanism for clearing S. pneumoniae (6) .
When challenged i.p. with virulent S. pneumoniae, all groups immunized with strains expressing pspA were protected (Fig.  6) . Consistent with the colonization and serum antibody data, immunization with the regulated rfaH expression strain 9852 (pYA4088) provided significantly greater protection than immunization with the ⌬rfaH strain, 9884(pYA4088) (P Ͻ 0.05). These results support the notion that delaying expression of an attenuation phenotype increases protective efficacy (11, 12, 22) .
In our laboratory, we are interested in developing vaccines against enteric pathogens, including pathogenic E. coli, enteric Yersinia species, and Shigella. This is an area in which S. Typhimurium rfaH mutants may be valuable by inducing crossprotective antibodies against other enteric bacteria (29). Downregulating the production of O antigen, the major immunodominant antigen in Salmonella, has been shown to enhance the immunogenicity of conserved antigens (12) . A recent study showed that mice immunized with a ⌬rfaH mutant produced higher titers of serum antibodies against conserved antigens from different S. enterica serovars and from other enteric organisms than mice immunized with an attenuated smooth strain (27, 29) . The ⌬rfaH ⌬pabA ⌬pabB strain, 9884 (pYA4088), induced an enhancement of cross-reactive anti- FIG. 7 . Relative reactivities of immune sera, measured 6 weeks after the primary immunization, to homologous and heterologous bacteria from mice immunized with 9241(pYA4088) and its mutant derivatives. Pooled immune sera from mice immunized with 9884(pYA4088) (⌬rfaH49), 9852(pYA4088) (⌬P rfaH178 ), and 9241(pYA4088) (parent vaccine strain) were tested against whole cells (A) or purified outer membrane proteins (B) from different enteric bacteria by indirect ELISA. The reactivity is expressed relative to that of 9241(pYA4088) immune serum at the same dilution. Means of values from three independent experiments are shown. All 9852(pYA4088) groups were significantly different from the 9884(pYA4088) groups (P Ͻ 0.001). The strains are (left to right) ⌬rfaH49 9945, S. (Fig. 7A) or to outer membrane proteins derived from these strains (Fig. 7B ). The differences between our results and those previously reported could possibly be due to differences in the time of serum collection, the number of boosts, or strain background and/or the presence in our strains of additional attenuating mutations and plasmid pYA4088, directing the synthesis of a heterologous antigen. In addition, we used 9241(pYA4088) as the base strain to develop our ratios, while a ⌬aroA strain was used in the previous study. Importantly, immunization with the arabinose-regulated rfaH strain 9852(pYA4088) enhanced production of cross-reactive antibodies to all strains tested, including strong responses against S. Enteritidis, Shigella, avian-pathogenic E. coli, and Yersinia. These results are most likely due to the overall higher immunogenicity of 9852(pYA4088) than 9884(pYA4088) (Fig. 4) , which in turn is probably related to the poor colonization of host tissues observed for 9884(pYA4088) (Fig. 3) . These results indicate that inclusion of the ⌬P rfaH178 mutation in an RASV expressing pathogen-specific antigens designed to protect against Shigella, E. coli, and/or Yersinia could enhance the protective efficacy against these pathogens. We stated previously that it would be advantageous to reduce the host immune response against the RASV carrier, thereby enhancing the immune response against the heterologous antigen. One of our goals for this study was to determine whether in vivo downregulation of rfaH would suppress the immune response against carrier-specific O antigen. For this application, the ⌬P rfaH178 mutation was not as useful as we had hoped. Although the immune response against LPS O antigen was delayed in mice immunized with 9852(pYA4088) compared to those immunized with 9241(pYA4088) (Fig. 4) , by week 8, mice immunized with either strain had developed nearly identical anti-LPS titers. There are several possible explanations for this result. One is that a mutation arose in vivo that allowed arabinose-independent rfaH expression in 9852(pYA4088). This is unlikely, as we did not observe any such mutants in the spleen isolates we tested. While the araC P BAD promoter cassette used in this study is tightly regulated in vivo, as we established in a previous study (21) , it is possible that low levels of nonphosphorylated arabinose in the mouse diet may have been sufficient to allow enough rfaH expression to permit full-length O-antigen synthesis. In addition, 9852 (pYA4088) was grown in the presence of arabinose, conditions permissive for rfaH expression, and given as a boost on day 28, which may also have played a role in generating the observed high anti-LPS antibody titers. A final possible explanation is that our ELISA coating antigen was complete LPS, which includes lipid A, core, and O antigen. One might expect better presentation of LPS core to the mouse immune system by the rfaH mutant strains than by 9241(pYA4088), leading to an increase in anti-core antibody titers. Our ELISA was not designed to distinguish between anti-core and anti-O-antigen antibodies. This will be investigated in a future study to answer this question. It is an interesting question, since these anti-core antibodies may be cross-reactive with and potentially crossprotective against other enteric bacteria that share the same core structure.
In summary, we have shown that rfaH mutations can be combined with other attenuating mutations to produce an RASV capable of delivering a protective antigen to induce protective immunity. A strain with the delayed regulated mutation ⌬P rfaH178 in combination with ⌬pabA ⌬pabB mutations was superior to a ⌬pabA ⌬pabB ⌬rfaH strain in colonizing lymphoid tissues, eliciting serum antibodies to a heterologous antigen, and inducing protective immunity against S. pneumoniae challenge. Notably, the ⌬P rfaH178 vaccine was more effective than the isogenic ⌬rfaH strain at inducing antibodies cross-reactive with a number of other enteric pathogens, making it suitable for inclusion in vaccines to protect against enteric diseases.
